Peptides or proteins convert under some conditions from their soluble forms into highly ordered fibrillar aggregates. Such transitions can give rise to pathological conditions ranging from neurodegenerative disorders to systemic amyloidoses. In this review, we identify the diseases known to be associated with formation of fibrillar aggregates and the specific peptides and proteins involved in each case. We describe, in addition, that living organisms can take advantage of the inherent ability of proteins to form such structures to generate novel and diverse biological functions. We review recent advances toward the elucidation of the structures of amyloid fibrils and the mechanisms of their formation at a molecular level. Finally, we discuss the relative importance of the common main-chain and side-chain interactions in determining the propensities of proteins to aggregate and describe some of the evidence that the oligomeric fibril precursors are the primary origins of pathological behavior. 
INTRODUCTION
Writing a review focused on protein misfolding and the diseases with which it is related is both an exciting and a challenging activity. This is in part because recent interest in this topic has led to an explosion in the number of papers published across a broad spectrum of disciplines, and in part because many of the pathological features of the different diseases, and the characteristics of the proteins with which they are associated, appear at first sight to be quite diverse. Despite this diversity, it is increasingly evident from the experimental data emerging from a wide range of studies that there are some, perhaps many, common features in the underlying physicochemical and biochemical origins of the various disorders and, indeed, of the cases in which similar processes contribute positively to biological function. It has been one of our primary objectives during the writing of this article to explore the extent to which such common features can provide the foundation on which to develop a deeper understanding of the various phenomena associated with protein misfolding and its consequences. Fortunately, within the past year or two, a variety of excellent reviews and books has appeared on the more specific features of many aspects of this complex subject, such as the two-volume book entitled Protein Misfolding, Aggregation and Conformational Diseases (1) .
To provide a framework on which to build this article, we first describe the variety of human diseases that are now thought to arise from the misfolding of proteins, particularly those, perhaps the majority, in which misfolding results in the formation of highly organized and generally intractable thread-like aggregates termed amyloid fibrils. We point out, however, that in addition living organisms can take advantage of the inherent ability of proteins to form such structures to generate novel and diverse biological functions. Second, we describe the dramatic advances that have recently been made toward the elucidation of the structures of amyloid fibrils at a molecular level and emphasize that our knowledge of these structures is no longer limited to the notion of a fibrillar morphology and an ordered "cross-β" arrangement of the polypeptide chains of which they are composed. We then describe the progress that is being made toward understanding the mechanism of aggregation and toward identifying the nature of key intermediates in the aggregation process. Finally, we discuss some of the Protein misfolding: the conversion of a protein into a structure that differs from its native state Amyloid fibrils: protein aggregates having a cross-β structure and other characeristics, e.g., specific dye-binding Protein deposition disease: any pathological state associated with the formation of intracellular or extracellular protein deposits important ideas that are emerging about the pathogenesis of the various protein deposition diseases and show that, in at least some cases, the prefibrillar aggregates, rather than the mature and stable fibrils into which they convert, are the likely origins of pathological behavior.
From the evidence that emerges from such considerations, we have tried to pull together the various threads of this complex subject in an attempt to identify both the common features of the various disorders and the differences that lead to their individual identities. We also try to show that, in delving into the general phenomenon of protein misfolding, considerable light can be shed on the origins of some of the most debilitating and increasingly common diseases that affect humanity as well as on the strategies that are likely to be most effective for their prevention and treatment.
THE ROLE OF AMYLOID-LIKE STRUCTURES IN DISEASE AND IN NORMAL BIOLOGY
A broad range of human diseases arises from the failure of a specific peptide or protein to adopt, or remain in, its native functional conformational state. These pathological conditions are generally referred to as protein misfolding (or protein conformational ) diseases. They include pathological states in which an impairment in the folding efficiency of a given protein results in a reduction in the quantity of the protein that is available to play its normal role. This reduction can arise as the result of one of several posttranslational processes, such as an increased probability of degradation via the quality control system of the endoplasmic reticulum, as occurs in cystic fibrosis (2) , or the improper trafficking of a protein, as seen in early-onset emphysema (3) . The largest group of misfolding diseases, however, is associated with the conversion of specific peptides or proteins from their soluble functional states ultimately into highly organized fibrillar aggregates. These structures are generally described as amyloid fibrils or plaques when they accumulate extracellularly, whereas the term "intracellular inclusions" has been suggested as more appropriate when fibrils morphologically and structurally related to extracellular amyloid form inside the cell (4) . For simplicity, however, we shall describe all such species as amyloid fibrils in this article. It is also becoming clear that fibrillar species with amyloid characteristics can serve a number of biological functions in living organisms, provided they form under controlled conditions. Perhaps the most fascinating of these functions lies in the ability of such structures to serve as transmissible genetic traits distinct from DNA genes.
Many Human Diseases Are Associated with Protein Aggregation
A list of known diseases that are associated with the formation of extracellular amyloid fibrils or intracellular inclusions with amyloid-like characteristics is given in Table 1 , along with the specific proteins that in each case are the predominant components of the deposits. The diseases can be broadly grouped into neurodegenerative conditions, in which aggregation occurs in the brain, nonneuropathic localized amyloidoses, in which aggregation occurs in a single type of tissue other than the brain, and nonneuropathic systemic amyloidoses, in which aggregation occurs in multiple tissues ( Table 1) .
Some of these conditions, such as Alzheimer's and Parkinson's diseases, are predominantly sporadic (labeled c in Table 1 ), although hereditary forms are well documented. Other conditions, such as the lysozyme and fibrinogen amyloidoses, arise from specific mutations and are hereditary (labeled d in Table 1 ). In addition to sporadic (85%) and hereditary (10%) forms, spongiform encephalopathies can also be transmissible (5%) in humans as well as in other mammals. It has also been found that intravenous injection or oral administration of preformed fibrils from different sources can result in accelerated AA amyloidosis in mice subjected to an inflammatory stimulus (5, 6) . It has therefore been postulated that an environment enriched with fibrillar material could act as a risk factor for amyloid diseases (6) . Similarly, injection of the recombinant mouse prion protein in the form of amyloid-like fibrils has been reported to generate disease in mice that express the prion protein (7) .
The extracellular proteinaceous deposits found in patients suffering from any of the amyloid diseases have a major protein component that forms the core and then additional associated species, including metal ions, glycosaminoglycans, the serum amyloid P component, apolipoprotein E, collagen, and many others (8, 9) . Ex vivo fibrils, representing the amyloid core structures, can be isolated from patients, and closely similar fibrils can also be produced in vitro using natural or recombinant proteins; in this case, mildly denaturing conditions are generally required for their rapid formation, at least for proteins that normally adopt a well-defined folded structure (see below).
The fibrils can be imaged in vitro using transmission electron microscopy (TEM) or atomic force microscopy (AFM). These experiments reveal that the fibrils usually consist of a number (typically 2-6) of protofilaments, each about 2-5 nm in diameter (10) . These protofilaments twist together to form ropelike fibrils that are typically 7-13 nm wide (10, 11) or associate laterally to form long ribbons that are 2-5 nm thick and up to 30 nm wide (12) (13) (14) . X-ray fiber diffraction data have shown that in each individual protofilament the protein or peptide molecules are arranged so that the polypeptide chain forms β-strands that run perpendicular to the long axis of the fibril (11) . The fibrils have the ability to bind specific dyes such as thioflavin T (ThT) and Congo red (CR) (15) , although the specificity of binding of CR to amyloid fibrils and the resulting green birefringence under cross-polarized light has recently been questioned (16, 17) . The proteins found as intractable aggregates in pathological conditions do not share any obvious sequence identity or structural homology to each other. Considerable heterogeneity also exists as to secondary structure composition or chain length ( Table 1) . Interestingly, some amyloid deposits in vivo and fibrils generated in vitro have both been found to include higher-order assemblies, including highly organized species known as spherulites, which can be identified from a characteristic Maltese cross pattern when observed under cross-polarized light (18, 19) . Such species are also observed in preparations of synthetic polymers, such as polyethylene, a finding consistent with the idea that amyloid fibrils have features analogous to those of classical polymers.
Formation of Amyloid Fibrils Is Sometimes Exploited by Living Systems
An increasing number of proteins with no link to protein deposition diseases has been found to form, under some conditions in vitro, fibrillar aggregates that have the morphological, structural, and tinctorial properties that allow them to be classified as amyloid fibrils (20, 21) . This finding has led to the idea that the ability to form the amyloid structure is an inherent or generic property of polypeptide chains, although, as we discuss below, the propensity to form such a structure can vary dramatically with sequence. This generic ability can increasingly be seen to have been exploited by living systems for specific purposes, as some organisms have been found to convert, during their normal physiological life cycle, one or more of their endogenous proteins into amyloid fibrils that have functional rather than disease-associated properties. A list of such proteins is reported in Table 2 .
One particularly well-studied example of functional amyloid is that of the proteinaceous fibrils formed from the protein curlin that are used by Escherichia coli to colonize inert surfaces and mediate binding to host proteins. Consistent with the characteristics of other amyloid structures, these fibrils are 6-12 nm in diameter, possess extensive β-sheet structure, as revealed by circular dichroism (CD) spectroscopy, and bind to CR and ThT (22) . A second example involves the filamentous bacterium Streptomyces coelicolor that produces aerial hyphae, which allow its spores to be dispersed efficiently; a class of secreted proteins called chaplins has been identified in the hyphae of this organism with the ability to form amyloid fibrils that act cooperatively to bring about aerial development (23) . All these systems have extremely highly regulated assembly processes; generation of the bacterial curli, for example, involves several proteins, including one that nucleates a different protein to form fibrils. As well as these examples from bacteria, the formation of functional amyloidlike structures has recently been observed in a mammalian system. The melanosomes, lysosome-related organelles that differentiate in melanocytes to allow the epidermal production of the melanin pigment, are characterized by intralumenal fibrous striations upon which melanin granules form. This fibrous material, sharing significant analogies with amyloid fibrils, is assembled from the intralumenal domain of the membrane protein Pmel17 that is proteolyzed by a proprotein convertase (24) . This result is a direct indication that even in higher organisms amyloid formation can be physiologically useful for specific and specialized biological functions, provided it is regulated and allowed to take place under highly controlled conditions.
Amyloid Structures Can Serve as Nonchromosomal Genetic Elements
As we discussed in the previous paragraph, it is clear that living systems can utilize the amyloid structure as the functional state of some specific proteins. It is also clear, however, that nature has selected, or at the very least has not selected against, some proteins that can exist within normally functioning biological systems in both a soluble conformation and in an aggregated amyloid-like form. Remarkably, this phenomenon has resulted in the latter state being self-perpetuating, infectious, and inheritable as a non-Mendelian nonchromosomal genetic trait (25) . Proteins with such behavior are called prions and are listed in Table 2 . Although the only endogenous mammalian protein so far recognized to have such properties is associated with the group of invariably fatal and transmissible diseases, the heritable conformational changes of prion proteins from some other organisms have, in some cases, been found beneficial.
The prion proteins from Saccharomyces cerevisiae, including Ure2p and Sup35p, give rise to distinct phenotypes when adopting either one or the other forms of the In the marine snail Aplysia californica, a neuron-specific isoform of cytoplasmic polyadenylation element-binding protein (CPEB) has also been found to exist in a soluble and a self-perpetuating prion form (30) . The prion form was found to be more active than the soluble form in stimulating translation of CPEB-regulated mRNA. From this finding, the suggestion was made that the polymerization of the protein could be essential for the long-term maintenance of synaptic changes associated with memory storage (30) . Finally, the polymerization of the HET-s protein from Podospora anserina is involved in a controlled programmed cell death phenomenon termed heterokaryon incompatibility (31, 32) .
It is evident, even from the relatively few examples that have been studied in detail so far, that the aggregation of proteins into amyloid-like structures can generate a number of extremely diverse biological functions. The presence of many other sequences in the genomes of different organisms with the characteristics of prions suggests that there may yet be surprises in store for us when their properties are investigated.
THE STRUCTURES OF AMYLOID FIBRILS
For many years the only structural information about amyloid fibrils came from imaging techniques such as TEM, and more recently AFM, and from X-ray fiber diffraction (10, 11, 33) . Despite the structural insight given by these techniques, as outlined above, one of the most common statements in the introductory sections of papers in this field until about three years ago was to the effect that "amyloid fibrils cannot be characterized in detail at the molecular level because they are not crystalline yet they are too large to be studied by solution NMR spectroscopy." The situation has changed dramatically recently as a result of major progress in the application of solid-state NMR (SSNMR) spectroscopy to preparations of amyloid fibrils (34) (35) (36) and of successes in growing nano-or microcrystals of small peptide fragments that have characteristics of amyloid fibrils yet are amenable to single crystal X-ray diffraction analysis (37, 38) .
High-Resolution Structural Studies Using Solid-State NMR
Using SSNMR, in conjunction with computational energy minimization procedures, Tycko and coworkers (34, 39, 40) have put forward a structure of the amyloid fibrils formed from the 40-residue form of the amyloid β peptide (Aβ 1−40 ) at pH 7.4 and 24 o C under quiescent conditions. In this structure, each Aβ 1−40 molecule contributes a pair of β-SSNMR: solid-state nuclear magnetic resonance STEM: scanning transmission electron microscopy
SDSL-EPR:
site-directed spin labeling coupled to electron paramagnetic resonance Aβ: amyloid β peptide strands, spanning approximately residues 12-24 and 30-40, to the core region of the fibrils (Figure 1a) . These strands, connected by the loop 25-29, are not part of the same β-sheet, however, but participate in the formation of two distinct β-sheets within the same protofilament (Figure 1a) . The different Aβ molecules are stacked on to each other, in a parallel arrangement and in register, at least from residue 9 to 39 (39, 40) . By invoking additional experimental constraints, such as the diameter of the protofilaments observed using TEM, and the mass per unit length, measured by means of scanning transmission electron microscopy (STEM) (34, 41) , it has been suggested that a single protofilament is composed of four β-sheets separated by distances of ∼10Å (Figure 1a) .
Support for key elements of this proposed structure comes from experiments of sitedirected spin labeling coupled to electron paramagnetic resonance (SDSL-EPR) (42) . The values of the inverse central line width in the EPR spectra for a series of labeled residues indicate that the segments of the Aβ 1−42 molecule corresponding to residues 13-21 and 30-39 are highly structured in the fibrils, parallel and in register. High flexibility and exposure to the solvent of the N-terminal region, in contrast to considerable structural rigidity detected for the remainder of the sequence, are also suggested by experimental strategies that use hydrogen-deuterium exchange methods in conjunction with mass spectrometry (43) , limited proteolysis (44), and proline-scanning mutagenesis (45) .
SSNMR, in conjunction with site-directed fluorescence labeling and an ingenious hydrogen/deuterium exchange protocol applied previously to probe the regions of β2-microglobulin fibrils that are involved in persistent structure (46) , has led to identification of the regions of the C-terminal fragment of HET-s that are involved in the core of the fibril (36) . In the proposed structure, each molecule contributes four β-strands, with strands one and three forming the same parallel β-sheet and with strands two and four forming another parallel β-sheet ∼10Å away (Figure 1b) .
Advances in SSNMR techniques that enable specific internuclear distances and torsion angles to be measured have also allowed the structure of a 11-residue fragment of transthyretin within an amyloid-like fibril to be defined in atomic detail (35, 47) . This study shows that the peptide adopts an extended β-strand within the fibrils. Most importantly, however, this pioneering study reveals that the molecules within the fibrils possess a degree of uniformity, even at the level of the side-chain torsion angles, that has previously only been associated with crystalline materials. Because this regularity is reflected in the very narrow resonance lines in the SSNMR spectra, we can anticipate that complete atomic-level structures will soon begin to emerge for a range of systems, transforming our understanding of this facet of the amyloid phenomenon.
High-Resolution Structural Studies Using X-ray Crystallography
The remarkable achievement of inducing a peptide derived from Sup35p (GN-NQQNY) and another with sequence KF-FEAAAKKFFE, to form three-dimensional crystals that possess key characteristics of amyloid fibrils, has allowed both the structure of the peptides and the way the molecules could be packed together to be determined with unprecedented resolution (37, 38) . In the case of the Sup35p fragment, the crystal consists of pairs of parallel β-sheets in which each individual peptide molecule contributes a single β-strand (Figure 1c) . The stacked β-strands are parallel and in register in both sheets. The two sheets interact with each other through the side chains of Asn2, Gln4, and Asn6 to such a degree that water is excluded from the region between them. The remaining side chains on the outer faces of the sheets are hydrated and more distant from the next pair of β-sheets, suggesting that this less intimate interaction could represent a crystal contact rather than a feature of the fibrillar state.
A particularly significant aspect of these structures determined with X-ray or SSNMR is that they are strikingly similar to proposals from cryo-electron microscopy (EM) analysis of the amyloid fibrils formed from an SH3 domain and from insulin, in which the electron density maps were interpreted as arising from pairs of relatively flat untwisted β-sheets (48, 49) . Such similarities suggest that many amyloid fibrils could have core structures that have very similar features, which are primarily dictated by the intrinsic conformational preferences of polypeptide chains. The specific nature of the side-chain packing, including such characteristics as the alignment of adjacent strands and the separation of the sheets (50), however, provides an explanation for the occurrence of variations in the details of the structures for specific types of fibril. Hopefully, these pioneering X-ray and SS-NMR studies may represent the first entries in a new database of structures similar to the current Protein Data Bank.
Other Approaches to Defining the Structural Properties of Amyloid Fibrils
As discussed above, SSNMR and X-ray crystallography have recently made major contributions to our knowledge of the structures of amyloid fibrils. Considerable progress in this quest has also come from other approaches, typically involving the combination of data from a number of different biophysical experiments (13, 51, 52) . One example is the three-dimensional structure proposed for amyloid fibrils from amylin (Figure 1d ) (51) . The polypeptide chains were configured within the fibrils on the basis of a cross-β structure, deduced from X-ray diffraction data along with measurements of the protofilament diameter and mass per unit length, determined using TEM and STEM, respectively (53, 54) . Additional constraints were provided by evidence of a parallel and in register arrangement of the β-strands formed by adjacent molecules from SDSL-EPR data (55) and by evidence of the high propensity of various amylin segments to form fibrils when dissected from the rest of the sequence (51) . In the resulting model, the N-terminal "tail" (residues 1-11) is unstructured, and residues 12-17, 22-27, and 31-37 form β-strands in a serpentine arrangement, contributing to different β-ribbons in the protofilament (Figure1d ) .
In another particularly elegant example, detailed structural information on the fibrils, formed from the NM region (residues 1-250) of the yeast prion protein Sup35p, was also obtained by combining a variety of experimental strategies (52) . Carefully chosen residues spaced along the fragment of the protein were mutated so as to generate 37 variants, each having a single cysteine residue at a desired position in the molecule. The variants were then labeled with fluorescent probes. The wavelength maximum and total emission intensity of the fluorescent probes were then used to provide information about the degree of burial from solvent of the various residues and about the distances between probes attached to different molecules within the fibrils. Dimeric constructs were also generated for each variant by covalently linking the free thiol group of one molecule to the same group in a second molecule, either directly by a disulfide bridge or by the insertion of a linker. The ability, or lack of ability, of such dimers to form fibrils was used to estimate the distances between corresponding regions of the sequence from adjacent molecules in the fibrils.
Taken together, these complementary sets of data allowed a model to be defined that describes the molecular structure of the filaments (52) . In this structure (Figure 1e) , two segments of the N domain, corresponding to residues 25-38 and 91-106 (colored green and red in Figure 1e , respectively), interact with the corresponding regions in other molecules to form a "head-to-head" and "tail-to-tail" arrangement. The large central region of the sequence between these two segments (blue in Figure 1e) is folded in such a way that it forms only intramolecular interactions. The C-terminal region of the N domain and the proximal portion of the M domain (residues 107-157) are also structured within the fibrils, whereas the N-terminal region (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the distal end of the M domain (residues 158-250) appear to be structurally heterogeneous and solvent exposed (dashed lines in Figure 1e) .
Finally, although detailed structural models have not yet been proposed, much has been learned about the characteristics of other types of fibrils through similar approaches. This has led, for example, to the identification of regions of the polypeptide chain that are associated with an ordered structure in α-synuclein and tau fibrils using SDSL-EPR (56, 57) . It was also possible to determine the most structured regions in α-synuclein as well as in both straight and curly fibrils from β2-microglobulin using hydrogen-deuterium exchange (46, 58, 58a) , limited proteolysis (59, 59a) , and SSNMR (59b). In addition, from X-ray fiber diffraction studies a cylindrical β-sheet model for fibrils from a poly-Gln peptide and the exon-1 peptide of huntingtin has been proposed (60) . The polyglutamine fibrils are of particular interest because of the possibility that the additional array of hydrogenbonding interactions involving the side chains results in a structure significantly different from that of the classical amyloid fibrils. Evidence that this situation can arise comes from the absence of the 10Å reflection in the X-ray fiber diffraction patterns of these systems.
Similarities and Differences in Fibrillar Structures from Various Systems
Comparison of the information about the structural properties of various fibrillar systems, discussed in the previous three paragraphs, allows us to draw a number of tentative conclusions about their similarities and differences. Different fibrils clearly have many properties in common, including the canonical cross-β structure and the frequent presence of repetitive hydrophobic or polar interactions along the fibrillar axis. The ubiquitous presence of a cross-β structure strongly supports the view that the physicochemical properties of the polypeptide chain are the major determinants of the fibrillar structure in each case. Moreover, several of the proposed structures, despite very different sequences of their component polypeptides, suggest that the core region is composed of two to four sheets that interact closely with each other. An interesting feature of these sheets is that they appear to be much less twisted than expected from the analysis of the short arrays of β-strands that form β-sheets in globular protein structures. This feature was first proposed from cryo-EM and has been supported by Fourier transform infrared (FTIR) analyses (48, 61) .
Nevertheless, it is clear that there are significant differences in detail attributable to the influence of the side chains on the structures adopted by the various systems. These appear to include the lengths of the β-strands and whether they are arranged in a parallel or antiparallel arrangement within each sheet; the lengths and conformational properties of the loops, turns, and other regions that are not included within the core structure; and the number of β-sheets in the protofilament. It is clear that the fraction of the residues of a polypeptide chain that are incorporated in the core structure can vary substantially (e.g., from all the residues of the 7-mer peptide to only about 13% of the residues in the fulllength HET-s) and that the exact spacing between the β-sheets varies with factors such as the steric bulk of the side chains that are packed together in the core (50) . In addition, the presence of disulfide bonds in proteins such as insulin may perturb the way in which the sheets can stack together (49) . In cases such as the polyglutamine sequences, other interactions between the side chains may generate larger perturbations of the structure to generate such motifs as β-helices (60), which
FTIR:
The structure that will normally be adopted in the fibrils will be the lowest in free energy and/or the most kinetically accessible. What is clear, therefore, is that the interactions of the various side chains with each other and with solvent are crucial in determining the variations in the fibrillar architecture even though the main-chain interactions determine the overall framework within which these variations can occur. In other words, the interactions and conditions (see below) involving the side chains in a given sequence can tip the balance between the alternative "variations on a common theme" arrangements of a polypeptide "polymer" chain in its fibrillar structure. Such a situation contrasts with that pertaining to the native structures of the highly selected protein molecules, which are able to fold to unique structures that are significantly more stable for a given sequence than any alternatives.
The Polymorphism of Amyloid Fibrils
Even before the molecular structures of amyloid fibrils began to emerge, it was clear that significant morphological variation can exist between different fibrils formed from the same peptide or protein (12, 48, 49, 54) . Evidence is now accumulating that such variations in morphology is linked to heterogeneity in molecular structure, i.e., in the structural positioning of the polypeptide chains within the fibrils. One example of such heterogeneity involves the peptide hormone glucagon, wherein fibrils formed at different temperatures (25 o C or 50 o C) are morphologically distinct; measurements of CD and FTIR spectroscopy reveal differences in the secondary structure adopted by the constituent peptide molecules (14) . A particularly important study in this regard addresses the origin of the marked differences in the morphology of Aβ 1−40 fibrils that can be observed in TEM studies of samples prepared under agitation or quiescent conditions; differences in the SSNMR spectra recorded from the different preparations provide clear evidence that this polymorphism is linked to differences in molecular structure (62) .
Another example of conformational variability involves fibrils formed from the yeast prion protein Ure2p, where two independent studies came to somewhat different conclusions about the fibril structure. Both studies find that the globular C-terminal domain maintains a largely native-like structure. However, in one case, it appears that the fibrils possess a cross-β core involving only the Nterminal domains, each arranged in a serpentine fashion and forming a series of consecutive strands and loops (63) (64) (65) . The parallel and in register stacking of serpentines from different molecules then forms the cross-β core with the C-terminal globular units decorating it (64) . In the other study, the C-and Nterminal domains of the protein appear to interact with each other, and these fibrils do not have the characteristic 4.7-Å reflection typical of a cross-β structure (17, 66, 67) . These apparently conflicting reports are likely to reflect structural differences in the fibrils, probably caused by the slightly different conditions used to prepare them.
Conformational polymorphism has also been found in other yeast prion proteins and is of particular significance because of the light it sheds on the existence of "strains" of mammalian prions and on the nature of the crucial barriers to infectivity that limit transmissibility between species (68). Efficiency of interspecies prion transmission decreases as the sequences of the infectious prions diverge, probably because each prion sequence can give rise to a limited number of misfolded conformations, which have low cross-seeding efficiency. However, a strain conformation of Sup35p has recently been identified that allows transmission from S. cerevisiae to the highly divergent Candida albicans (68) . Similarly, mammalian PrP 23−144 fibrils from different species vary in morphology and secondary structure, and these differences appear to be controlled by one or two residues in a critical region of the polypeptide sequence (69) .
In all of these cases, preformed seeds can propagate their morphology and structure as well as overcome sequence-or conditionbased structural preferences, resulting in fibrils that inherit the characteristics of the template (14, 62, 68, 69) . These results show that each protein sequence can form a spectrum of structurally distinct fibrillar aggregates and that kinetic factors can dictate which of these alternatives is dominant under given circumstances. Of the many possible conformations that could be present in the amyloid core for a given protein, the specific ones that play this role will depend simply on the thermodynamic and, in many cases, the kinetic factors that are dominant under those circumstances. By contrast, natural globular proteins have been selected by evolution to fold into one specific three-dimensional structure, and the complex free-energy landscapes associated with their sequences have a single and well-defined minimum, under physiological conditions, corresponding to the native state.
MECHANISMS OF AMYLOID FIBRIL FORMATION
The full elucidation of the aggregation process of a protein requires the identification of all the conformational states and oligomeric structures adopted by the polypeptide chain during the process and the determination of the thermodynamics and kinetics of all the conformational changes that link these different species. It also implies characterizing each of the transitions in molecular detail and identifying the residues or regions of the sequence that promote the various aggregation steps. The identification and characterization of oligomers preceding the formation of welldefined fibrils is of particular interest because of an increasing awareness that these species are likely to play a critical role in the pathogenesis of protein deposition diseases.
Amyloid Formation Occurs via a Nucleated Growth Mechanism
It is widely established that amyloid fibril formation has many characteristics of a "nucleated growth" mechanism. The time course of the conversion of a peptide or protein into its fibrillar form (measured by ThT fluorescence, light scattering, or other techniques) typically includes a lag phase that is followed by a rapid exponential growth phase (70) (71) (72) (73) . The lag phase is assumed to be the time required for "nuclei" to form. Once a nucleus is formed, fibril growth is thought to proceed rapidly by further association of either monomers or oligomers with the nucleus.
Such a nucleated growth mechanism has been well studied both experimentally and theoretically in many other contexts, most notably for the process of crystallization of both large and small molecules (74) . As with many other processes dependent on a nucleation step, including crystallization, addition of preformed fibrillar species to a sample of a protein under aggregation conditions ("seeding") causes the lag phase to be shortened and ultimately abolished when the rate of the aggregation process is no longer limited by the need for nucleation (70, 71) . It has been shown also that changes in experimental conditions, or certain types of mutations, can also reduce or eliminate the length of the lag phase, again assumed to result from a situation wherein nucleation is no longer rate limiting (72, 73, 75) . The absence of a lag phase, therefore, does not necessarily imply that a nucleated growth mechanism is not operating, but it may simply be that the time required for fibril growth is sufficiently slow relative to the nucleation process and that the latter is no longer the slowest step in the conversion of a soluble protein into the amyloid state. Although fibrils do not appear to a significant extent during the lag phase, it is increasingly clear that this stage in fibril formation is an important event in which a variety of oligomers form, including β-sheet-rich species that proOligomers: clusters of small numbers of protein or peptide molecules without a fibrillar appearance Protofibrils: protein aggregates of isolated or clustered spherical beads 2-5 nm in diameter with β-sheet structure vide nuclei for the formation of mature fibrils.
The efficiency of preformed fibrils to promote further aggregation through a seeding mechanism decreases dramatically as the sequences diverge (68, 76, 76a) . Using a number of immunoglobulin domains sharing different degrees of sequence identity, it was shown that coaggregation between different types of domain is not detectable if the sequence identity is lower than ∼30% to 40% (76) . A bioinformatics analysis of consecutive homologous domains in large multimodular proteins shows that such domains almost exclusively have sequence identities of less than 40%, suggesting that such low sequence identities could play a crucial role in safeguarding proteins against aggregation (76) .
Oligomers Preceding Amyloid Fibril Formation: Structured Protofibrils
The past decade has seen very substantial efforts directed toward identifying, isolating, and characterizing the oligomeric species that are present in solution prior to the appearance of fibrils, both because of their likely role in the mechanism of fibril formation and because of their implication as the toxic species involved in neurodegenerative disorders. We focus initially on amyloid formation by the Aβ peptide because this has been widely studied owing to its links with Alzheimer's disease. Aggregation of this peptide is preceded by the formation of a series of metastable, nonfibrillar species that can be visualized using AFM and TEM (33, (77) (78) (79) . Some appear to be spherical beads of 2-5 nm in diameter. Others appear to be beaded chains with the individual beads again having a diameter of 2-5 nm and seeming to assemble in linear and curly chains. Yet others appear as annular structures, apparently formed by the circularization of the beaded chains. All of these aggregates, which have been termed protofibrils by the authors who first observed them (33, (77) (78) (79) , should not be confused with the protofilaments that are the constituent units of mature fibrils. Protofibrils from Aβ can bind CR and ThT (79) , contain an extensive β-sheet structure (79) , and, in the form of the smaller spherical species, are made up of ∼20 molecules (80) . A first exciting attempt to determine the structure of Aβ protofibrils was published using proline-scanning mutagenesis (81) .
Analogous spherical and chain-like protofibrillar structures have been observed for many other systems, including α-synuclein (82), amylin (80), the immunoglobulin light chain (83), transthyretin (84), polyQ-containing proteins (80), β2-microglobulin (85), equine lysozyme (86), the Sulfolobus solfataricus acylphosphatase (Sso AcP) (87) , and an SH3 domain (87a). These species are generally characterized by extensive β-structure and sufficient structural regularity to bind ThT and CR. The exciting finding that a specific antibody can bind to protofibrillar species from different sources, but not to their corresponding monomeric or fibrillar states, suggests that such soluble amyloid oligomers have some important common structural elements (88) .
Data have been reported showing that in some cases protofibrils can be on-pathway to fibrils (33, 71) . In other cases, they appear to be off-pathway (85, 89) . It has been reported that the transition from the protofibrillar to the fibrillar state of the peptide 109-122 of the Syrian hamster prion protein occurs concomitantly with the alignment of β-strands within sheets in which the strands are initially misaligned (89a). Such an aligment involves detachment and re-annealing of the strands, but may also occur through an internal structural reorganization within the sheets, depending on conditions (89b). Regardless of the precise role played by protofibrils in the overall process of fibril formation, the elucidation of their mechanism of formation and of their structures is extremely important, not least because these species could be the primary toxic agents involved in neurodegenerative disorders.
Oligomers Preceding Fibril and Protofibril Formation: Unstructured Aggregates
Following the isolation and characterization of protofibrils, studies based on photoinduced cross-linking of unmodified proteins (PICUP) began to identify other oligomeric species that appeared to precede their formation (90, 91) . Both the 40 and 42 residue forms of Aβ have been shown to exist as soluble oligomers in rapid equilibrium with the corresponding monomeric forms. These oligomers appear to be composed of 2-4 and 5-6 molecules for Aβ 1−40 and Aβ 1−42 , respectively, and CD measurements suggest that they are relatively disorganized (91) . Interest in these low-molecular-weight oligomers has been particularly intense as species of this type have also been detected in the brains of Alzheimer's disease patients (92) and in the lysates and conditioned media of cultured cells expressing the amyloid β protein precursor (93, 94) .
The NM region of the yeast prion Sup35p has been shown to form "structurally fluid" oligomers rapidly, and these oligomers only later convert to species with extensive β-structures that are capable of nucleating fibril formation (71) . Such a conversion has been found to be facilitated by the covalent dimerization of NM molecules when residues in the "head" region of N (residues 25-38) are crosslinked (52) . Moreover, if the fluid oligomers are maintained under oxidizing conditions, intermolecular disulfide bridges are found to form more easily for variants in which cysteine residues are introduced into the head region of N rather than elsewhere. These results indicate that the interaction of the head regions of two N molecules nucleates the formation of an amyloid-like structure within the aggregates (52) .
Similar behavior has been observed for the aggregation of denatured yeast phosphoglycerate kinase at low pH using dynamic light scattering and far-UV CD spectroscopy (95) . β-sheet structure is increasingly stabilized as the aggregates grow in size. When a critical mass is reached, the oligomers associate with each other to form short, curly protofibrils that are similar in appearance to those observed with Aβ and α-synuclein (95) . Moreover, unfolding of the SH3 domain from the bovine phosphatidylinositol 3 kinase at pH 3.6 results in the rapid formation of a broad distribution of unstructured oligomers that subsequently convert into thin, curly, ThT-binding protofibrils (87a). All these experimental results, along with computer simulations carried out using simple polyalanine peptides (96) , suggest that structured protofibrillar species can form from the reorganization or assembly of small and relatively disorganized oligomers that are formed rapidly after the initiation of the aggregation process.
Aggregation of Globular Proteins Can Occur via Partial Unfolding
So far we have discussed systems that are largely unstructured prior to the aggregation process. It is generally believed that globular proteins need to unfold, at least partially, to aggregate into amyloid fibrils (21, 97, 98) . Evidence supporting this hypothesis comes from a large body of experimental data. It is clear, for example, that globular proteins have an increased propensity to aggregate under conditions that promote their partial unfolding, such as high temperature, high pressure, low pH, or moderate concentrations of organic solvents (85, (99) (100) (101) (102) . In addition, for some familial forms of disease in which the proteins involved in aggregation normally adopt folded conformations (see Table 1 ), there is clear evidence that a destabilization of the native structure, resulting in an increase in the population of nonnative states, is the primary mechanism through which natural mutations mediate their pathogenicity (103) (104) (105) .
A strong correlation between a decreased conformational stability of the native state and an increased propensity to aggregate into amyloid-like structures has also been shown in vitro for nondisease-associated proteins (100, 106) . Remarkably, aggregation of human lysozyme and HypF-N can be initiated by a population of less than 1% of a partially folded state that is in equilibrium with the native conformation (104, 107) . Conversely, the binding of ligands and other species, such as antibodies, that stabilize the native state can decrease dramatically the propensity of proteins to aggregate (108) (109) (110) (111) . Such observations have inspired an extensive search of potential pharmaceutical compounds for the treatment of the diseases associated with transthyretin through specific binding to the tetrameric native state of the protein (109).
Aggregation of Globular Proteins Can Occur via Formation of Native-Like Oligomers
Although the "conformational change hypothesis" is undoubtedly the most appropriate way to describe the formation of amyloid fibrils by many globular proteins, recent observations have suggested that in some cases the major conformational change associated with amyloid aggregation may not take place until after the initial aggregation step. Formation of amyloid fibrils by insulin at low pH, for example, is preceded by an oligomerization step in which a native-like content of α-helical structure is almost completely retained, and aggregates with a morphology reminiscent of amyloid protofibrils and with a high content of β-structure appear only later in the process (112) . In addition, within a group of variants of the protein S6 from Thermus thermophilus, no significant correlation was found between the rate of fibril formation under conditions in which a quasi-native state was populated prior to aggregation and the unfolding rate or conformational stability (73) . Similarly, the native state of the pathogenic variant of ataxin-3, the protein associated with spinocerebellar ataxia type-3, does not appear to be significantly destabilized, leading to the proposal that the pathway for fibril formation can be distinct from that of unfolding (113) . Details of the manner in which aggregation under these conditions can take place has come from studies of the aggregation of Sso AcP. These studies have shown that unfolding of the protein can be two orders of magnitude slower than the formation of amyloid protofibrils when the protein is placed under conditions in which the native state is thermodynamically more stable than the dominant partially unfolded state (87) . The first event in the aggregation of Sso AcP under these conditions is the formation of oligomers that do not bind to ThT or CR and, remarkably, not only have a native-like topology but also retain enzymatic activity (114) . These nativelike oligomers then undergo structural reorganization to form amyloid protofibrils that have extensive β-structure, bind ThT and CR, but are not enzymatically active. The fact that protofibril formation is also faster than the rate of disaggregation of the initially formed oligomers shows that dissolution of the latter followed by renucleation cannot be the dominant process giving rise to the structural conversion.
In the case of Ure2p, a mechanism of the type observed for Sso AcP appears to give rise to a situation wherein a native-like conformation is even retained in the fibrils themselves under some conditions (17, 66, 67) . The significant propensity of native or native-like structures to aggregate is not surprising if we consider that there is a multitude of conformers even in the native ensemble of a globular protein (115) . Some of these conformers will be only transiently populated but could be significant for aggregation just as they are for the hydrogen exchange of their main-chain amide groups.
Finally in this section, despite their apparent differences, there are in fact substantial similarities between the fundamental mechanism of aggregation described here for folded proteins and that of natively unfolded systems, such as Aβ and Sup35p NM. In both cases, the polypeptide molecules assemble first into species that can have characteristics far from those of the final aggregates but similar to those of the precursor structures, whether natively unfolded or natively folded. The initial aggregates then transform into species that are not yet fibrillar in their morphologies but have other properties characteristic of amyloid-like structures, notably β-sheet structure and binding to CR and ThT. Clearly, fully or partially unfolded states of globular proteins are generally more susceptible to aggregation than the native states. Nevertheless, in some situations, particularly those close to physiological, the much higher populations of the latter can result in their playing an important role in initiating an aggregation process that could be significant on the very slow timescales of the amyloid disorders.
A Multitude of Conformational States Is Accessible to Polypeptide Chains
The differing features of the aggregation processes, described in the previous paragraphs, reveal that polypeptide chains can adopt a multitude of conformational states and interconvert between them on a wide range of timescales. The network of equilibria, which link some of the most important of such states both inside and outside the cell, is schematically illustrated in Figure 2 . Following biosynthesis on a ribosome, a polypeptide chain is initially unfolded. It can then populate a wide distribution of conformations, each of which contains little persistent structure, as in the case of natively unfolded proteins, or fold to a unique compact structure, often through one or more partly folded intermediates. In such a conformational state, the protein can remain as a monomer or associate to form oligomers or higher aggregates, some of which are functional with characteristics far from those of amyloid structures, such as in actin, myosin, and microtubules. Sooner or later, the vast majority of proteins will be degraded, usually under very carefully A schematic representation of some of the many conformational states that can be adopted by polypeptide chains and of the means by which they can be interconverted. The transition from β-structured aggregates to amyloid fibrils can occur by addition of either monomers or protofibrils (depending on protein) to preformed β-aggregates. All of these different conformational states and their interconversions are carefully regulated in the biological environment, much as enzymes regulate all the chemistry in cells, by using machinery such as molecular chaperones, degradatory systems, and quality control processes. Many of the various states of proteins are utilized functionally by biology, including unfolded proteins and amyloid fibrils, but conformational diseases will occur when such regulatory systems fail, just as metabolic diseases occur when the regulation of chemical processes becomes impaired.
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controlled conditions and as a part of normal biochemical processes, with their amino acids often being recycled. This description of normal functional behavior, honed by millions of years of evolution, is, however, only part of the story. Fully or partially unfolded ensembles on the pathways to their functional states (or generated as the result of stress, chemical modification, or genetic mutation) are particularly vulnerable to aggregation (Figure 2) . Peptides and proteins that are natively unfolded, as well as fragments of proteins generated by proteolysis and unable to fold in the absence of the remainder of the polypeptide chain, can also aggregate under some circumstances, for example, if their concentrations become elevated. Some of the initial amorphous aggregates simply dissociate again, but others may reorganize to form oligomers with the germ of an amyloid structure, including the spherical, chain-like, and annular amyloid protofibrils observed for many systems. In order to generate long-range order in such structures, a critical number of molecules must be present such that the favorably enthaplic terms associated with their regular stacking can most effectively offset the accompanying loss of configurational entropy. The structured polypeptide aggregates can then sometimes grow into mature fibrils by further self-association or through the repetitive addition of monomers. Proteins that adopt a folded structure under physiological conditions can also aggregate under some circumstances. This latter type of protein can either unfold, fully or partially, and aggregate through the mechanism described above or they can oligomerize prior to such a substantial conformational change. In the latter process, a structural reorganization to give amyloid-like assemblies occurs later and may in some cases be promoted by the existence of intermolecular contacts within native-like aggregates.
Every state of a polypeptide molecule, except the unique native state of globular proteins wherein the side chains pack together in a unique manner, is a broad ensemble of often diverse conformations. It is not surprising, therefore, that even the fibrillar end products of aggregation processes are characterized by morphological and structural diversity, representing variations on a common theme. Under most conditions in living systems, misfolding and aggregation of proteins are intrinsic side effects of the conformational transitions essential to the functioning of the organism. Formation of aggregates is normally inhibited by molecular chaperones and degradation processes as well as being disfavored by the amino acid sequences that are carefully selected by evolution to inhibit aggregation. But under some circumstances, as we discuss below, these aggregation processes can escape from the host of natural defenses and then give rise to pathogenic behavior.
THE INFLUENCE OF SEQUENCE ON AMYLOID FORMATION
We have stressed that amyloid formation results primarily from the properties of the polypeptide chain that are common to all peptides and proteins. We have seen, however, that the sequence influences the relative stabilities of all the conformational states accessible to a given molecule, most notably the native state, and will thereby contribute to the susceptibility of a given polypeptide chain to convert into amyloid fibrils. Moreover, it is clear that polypeptide chains with different sequences can form amyloid fibrils at very different rates, even when these processes occur from fully or partially unfolded states. We start the exploration of this topic with a description of the determinants of the aggregation of those unfolded polypeptide chains that can broadly be described as unstructured, i.e., having no significant elements of persistent or cooperative structure. By considering these systems, we can examine how the properties of the sequence influence its intrinsic aggregation behavior rather than affect the stability of a given protein fold.
Hydrophobicity, Charge, and Secondary Structure Propensities Strongly Influence Amyloid Formation
One important determinant of the aggregation of an unfolded polypeptide chain is the hydrophobicity of the side chains. Amino acid substitutions within regions of the sequence that play a crucial role (e.g., if they are in the region that nucleates aggregation) in the behavior of the whole sequence can reduce (or increase) the aggregation propensity of a sequence when they decrease (or increase) the hydrophobicity at the site of mutation (116) (117) (118) . Moreover, there is evidence that protein sequences have evolved to avoid clusters of hydrophobic residues; for example, groups of three or more consecutive hydrophobic residues are less frequent in natural protein sequences than would be expected in the absence of evolutionary selection (119) .
Another property likely to be a key factor in protein aggregation is charge, as a high net charge either globally or locally may hinder self-association (120, 121) . For example, the effects of single amino acid substitutions were investigated on the propensity of AcP denatured in trifluoroethanol to aggregate (120) . Although mutations decreasing the positive net charge of the protein resulted in an accelerated formation of β-sheet containing aggregates able to bind CR and ThT, mutations increasing the net charge resulted in the opposite effect. Further indications of the importance of charge in protein aggregation come from observations that aggregation of polypeptide chains can be facilitated by interactions with macromolecules, which exhibit a high compensatory charge (50, (122) (123) (124) (125) .
Comparison of large data sets of natively unfolded and natively folded proteins has shown that the former have a lower content of hydrophobic residues and a higher net charge than the latter (126) . These properties undoubtedly contribute to maintaining the aggregation propensity of natively unfolded proteins sufficiently low to avoid the formation of aggregates under normal physiological conditions despite the fact that all, or at least the very large majority, of the side chains are accessible for intermolecular interactions.
In addition to charge and hydrophobicity, a low propensity to form α-helical structure and a high propensity to form β-sheet structure are also likely to be important factors encouraging amyloid formation (45, 50, 101, 117, 127, 128) . Patterns of alternating hydrophilic and hydrophobic residues have been shown to be less frequent in natural proteins than expected on a random basis, suggesting that evolutionary selection has reduced the probability of such sequence patterns that favor β-sheet formation (127) . Furthermore, it has been suggested that the high conservation of proline residues in a fibronectin type III superfamily and of glycine residues in AcPs can be rationalized on the grounds that such residues have a low propensity to form β-structure and hence inhibit aggregation (129, 130) .
The Amino Acid Sequence Affects Fibril Structure and Aggregation Rate
The demonstration that the various physicochemical factors described in the previous paragraph are important determinants of the formation of amyloid structure by unfolded polypeptide chains has proved to be of great value in understanding the mechanism of aggregation at a molecular level. For example, changes in the rate of aggregation of unfolded AcP following a series of mutations were used to generate a phenomenological equation, based on physicochemical principles, that is able to rationalize these rates in a robust manner (131) . This expression was, remarkably, found to rationalize just as well similar data for a whole series of other unstructured peptides and proteins (Figure 3a) . This finding also provides compelling evidence for the close similarity of the principles underlying the aggregation behavior of different polypeptide molecules. A related approach, which considers additional factors such as the changes in the number of aromatic side chains, exposed surface area, and dipole moment upon mutation, has also been shown to predict the effect of mutations on the aggregation rates of a wide variety of polypeptide chains (132) . The success of these rather straightforward relationships between the rates of aggregation of unfolded polypeptide chains and simple physicochemical factors is strong support for the idea that such aggregation reflects the situation wherein a polypeptide chain behaves as a simple "polymer." Such behavior contrasts with the process of folding a globular protein for which the rates of folding are closely coupled to the specific structures of the highly evolved native states associated with individual sequences.
As described above, only a fraction of the residues of even the most highly amyloidogenic proteins are found in the core structure of the fibrils. In addition, conservative mutations have an effect on amyloid formation only when they are located in specific regions of the sequence (45, 117) . Our increasing knowledge of such effects is beginning to lead to an understanding of the factors that cause specific segments of the sequence, rather than others, to form the characteristic cross-β structure. By extension of the analysis that led to the recognition of the links between aggregation propensities and the physicochemical characteristics of the constituent amino acid residues of a polypeptide chain, new algorithms have been developed to identify the regions of the sequence that are likely to promote aggregation within an unstructured polypeptide chain (133, 134) . The outcome of both these approaches is a plot of aggregation propensity as a function of residue number, similar to the hydropathy profiles introduced to predict the regions of sequences that span the lipid bilayer in membrane proteins (135) . The success of this type of approach is illustrated particularly well by the very good agreement between the regions of the sequence predicted to promote the aggregation of the Aβ peptide and α-synuclein and the regions found experimentally to form and stabilize the fibril core and/or to play a primary role in fibril formation (Figure 3b,c) (134) .
In a similar type of approach, multiple regression analysis has generated an equation that includes in the aggregation predictions the effects of extrinsic factors, such as the concentration of protein as well as the pH and ionic strength of the solution in which it is located, in addition to the intrinsic factors associated with the amino acid sequence (136) . This equation reproduces the experimentally determined aggregation rates, which span five orders of magnitude, from the unstructured states of a set of nonhomologous protein sequences (Figure 3d ) . In an exciting development, two reports have appeared recently that point to the validity of these concepts for in vivo situations, at least in bacteria (137, 138) . The expenditure of effort and ingenuity in devising new methods to make quantitative analyses of such aggregation behavior in living organisms is therefore likely to bring rich rewards.
Unfolded Regions Play Critical Roles in Promoting the Aggregation of Partially Folded States
Although the key regions of the sequence that promote fibril formation by an unfolded peptide or protein can now be broadly identified using relatively simple physicochemical parameters, the aggregation of polypeptides that contain significant levels of persistent secondary structure and long-range interactions will be influenced by additional factors. For example, the yeast prion proteins Sup35p, Ure2p, and HET-s all have unstructured and globular domains in their soluble states. In each of these three cases, the region forming the cross-β core and responsible for the prion properties has been found to be the domain that is unstructured in the soluble form of the protein (63, (139) (140) (141) .
Further insights into this issue have again come from studies of proteins other than those found to form functional or pathogenic amyloid structures in vivo. An approach using limited proteolysis has shown that in the partially unfolded state adopted by AcP in the presence of moderate concentrations of trifluoroethanol, the regions of the sequence found to promote amyloid aggregation are flexible and/or solvent exposed in addition to having an intrinsically high propensity to aggregate (142) . Other regions that are not involved in aggregation despite having high propensities to aggregate were found to be at least partially buried in residual structure, whereas other solvent-exposed regions not involved in the aggregation process possess a low propensity to form amyloid fibrils. Similarly, the ease with which apomyoglobin converts to fibrils under different solution conditions correlates with the degree of denaturation, suggesting that fibrils assemble by association of unfolded polypeptide segments rather than by the docking of preformed structured elements (143) .
Even α-synuclein, the protein associated with Parkinson's disease and assumed to have no significant structural preferences, has recently been shown to possess some significant long-range interactions between the negatively charged C-terminal region and the central amyloidogenic NAC region (144, 145) . Structural perturbations that destabilize the interactions between these two portions of the protein molecule appear to increase the exposure of the amyloidogenic NAC region. Such perturbations include the presence of positively charged ions able to interact with the C terminus, a decrease in pH that reduces the net charge of the C-terminal region, and deletion of the C terminus; all result in a more rapid aggregation reaction (125, 146) . Although it is clear that partial neutralization of the negative charge of α-synuclein will stimulate aggregation on a purely electrostatic argument, pairs of variants with a similar net charge but opposite signs (for example +3 and -3) aggregate more rapidly when the NAC region is unprotected (146) .
Variations in Fibrillar Structure Can Be Reconciled by Common Determinants of the Aggregation Process
Our ability to rationalize, and particularly to predict, important features of the process of amyloid assembly emphasizes in a dramatic manner that common traits are dominant in the aggregation behavior of different peptides and proteins. Although the structural analysis of fibrils at the level of specific residues (described above) highlights differences in the details of the manner in which individual molecules are incorporated into the fibrils, the fact remains that the generic cross-β structure and the frequent presence of stabilizing rows of hydrophobic interactions that run along the fibril axis (apart from important exceptions such as the fibrillar species associated with polyQ traits where additional side-chain hydrogen-bonding interactions are undoubtedly important) indicate the presence of common features in the aggregation of polypeptide chains. This commonality explains our ability to predict, often with a high degree of success, the regions involved in the formation of the amyloid core and the effect of mutations in this process.
Unlike the extreme dependence of the evolved native fold on protein sequence, it is unlikely that a single arrangement of a given chain in the amyloid core structure provides unique stability relative to all other arrangements. As noted above, this conclusion also means that the specific regions of a sequence found in such structures can vary with solution conditions, that there can be subtle differences in the manner in which a given polypeptide sequence is arranged in a cross-β core structure even under essentially identical conditions, and that the details of the resulting structures may be determined by kinetic rather than thermodynamic factors. This lack of a single unique structure, coupled with the extremely high degree of repetitive order within individual fibrils, may be the origin of the strain phenomena observed in both yeast and mammalian prions. Another important facet of this topic is that chemical modifications, for example those induced by physiologically formed metabolites (147, 148) , or interactions with small molecules or metal ions (149) may play a much more important role in the aggregation process than might be imagined, e.g., by perturbing the thermodynamics of kinetics sufficiently to alter the details of the resulting amyloid structure.
THE PATHOGENESIS OF PROTEIN DEPOSITION DISEASES
The presence of highly organized and stable fibrillar deposits in the organs of patients suffering from protein deposition diseases led initially to the reasonable postulate that this material is the causative agent of the various disorders. This view was later reinforced by a number of observations; for example, amyloid fibrils formed from the Aβ peptide were found to be toxic to cultured neuronal cells (150, 151) and to cause both membrane depolarization and alterations in the frequency of their action potentials (152) . Moreover, Aβ fibrils were shown to cause neuronal loss and microglial activation when injected into the cerebral cortex of aged rhesus monkeys (153) . However, more recent findings have raised the possibility that precursors to amyloid fibrils, such as low-molecularweight oligomers and/or structured protofibrils, are the real pathogenic species, at least in neuropathic diseases. Here we describe some of the most compelling evidence supporting this view, starting again from the well documented Aβ case.
The Search Is on for the Causative Agents of Protein Aggregation Diseases
The severity of cognitive impairment in Alzheimer's disease correlates with the levels of low-molecular-weight species of Aβ, including small oligomers, rather than with the amyloid burden (154) (155) (156) . In addition, transgenic mice show deficits in cognitive impairment, cell function, and synaptic plasticity well before the accumulation of significant quantities of amyloid plaques (157, 158) . Similarly, phenotypic changes reminiscent of Alzheimer's disease precede amyloid plaque formation, or occur in their absence, in transgenic Drosophila expressing Aβ 1−42 and Aβ 1−40 (159, 160) .
Further evidence comes from the finding that a single injection of a monoclonal anti-Aβ antibody does not reduce amyloid deposits in the brains of transgenic mice expressing Aβ 1−42 , but it does reverse the associated memory loss, perhaps as a result of enhanced peripheral clearance and/or sequestration of soluble forms of the Aβ peptide (161) . Genetic evidence also supports the theory that the precursor aggregates, as opposed to mature fibrils, are the pathogenic species: The aggressive "Arctic" (E693G) mutation of the amyloid β precursor protein, associated with a heritable early-onset manifestation of Alzheimer's disease, has been found in vitro to enhance protofibril, but not fibril, formation (162) .
A similar scenario concerning the toxicity of early aggregates also holds for Parkinson's disease, a neurodegenerative condition associated with the formation of intracellular fibrillar deposits, notably Lewy bodies, in the dopaminergic neurons of the substantia nigra. In this disease, those dopaminergic neurons that survive, whether or not they contain Lewy bodies, show no quantifiable differences in viability (163, 164) . Furthermore, mutations associated with juvenile Parkinson's disease or early-onset forms of Parkinsonism give rise to early neuronal degeneration in the absence of the accumulation of Lewy bodies (165) . Overexpression of α-synuclein in transgenic flies or rats does not result in neuronal loss concomitant with the formation of detectable intracellular deposits (166, 167) . By contrast, transgenic mice with nonfibrillar deposits of α-synuclein in various regions of the brain are characterized by substantial motor deficiencies and losses of dopaminergic neurons (168) .
It is increasingly evident that prefibrillar aggregates from peptides and proteins other than Aβ and α-synuclein can either be toxic to cells or perturb their function. Early, nonfibrillar aggregates of transthyretin have been found toxic to neuronal cells under conditions in which the native tetramer and the mature fibrils are not (169) . Consistent with this finding, symptoms of familial amyloid polyneuropathy appear when transthyretin is deposited in an aggregated but nonfibrillar form that does not stain with CR (169) . Reixach and coworkers (170) have found that such toxicity originates from low-molecularweight oligomers of transthyretin of up to ∼100 kDa in size.
The likelihood that such behavior is much more general is suggested by the finding that prefibrillar forms of the nondiseaserelated HypF-N from E. coli, the SH3 domain from bovine phosphatidylinositol 3 kinase, lysozyme from horse, and apomyoglobin from sperm whale are also highly toxic to cultured fibroblasts and neurons, whereas the monomeric native states and the amyloidlike fibrils (all formed in vitro) displayed very little, if any, toxicity (171, 171a, 171b) . Interestingly in this context, the most highly infective form of the mammalian prion protein has been identified as an oligomer of about 20 molecules, indicating that such small aggregates are the most effective initiators of transmissible spongiform encephalopathies (172) .
The Toxicity of Prefibrillar Aggregates Results from their Misfolded Nature
The reason why prefibrillar aggregates are toxic to cells, and hence appear to be the most likely culprits for the origins of at least some of the protein deposition diseases, is now at the front line of research in this field. A wide variety of biochemical, cytological, and physiological perturbations has been identified following the exposure of neurons to such species, both in vivo and in vitro. A detailed description of all of the reported effects is beyond the scope of the present review, and indeed, it is still too early to draw definitive conclusions about the similarities or differences of the effects of particular types of aggregates in different diseases.
Despite differences in the specific mechanisms of pathogenic behavior giving rise to distinct diseases, it is clear that the conversion of a protein from its soluble state into oligomeric forms will invariably generate a wide distribution of nonnative species, the populations of which will vary with sequence, time, and conditions. It seems likely that all of these inherently "misfolded" species will be toxic to some degree because they will inevitably expose on their surfaces an array of groups that are normally buried in globular proteins or dispersed in highly unfolded peptides or proteins. Small aggregates have a higher proportion of residues on their surfaces than larger aggregates, including mature amyloid fibrils, and therefore are likely in general to have a higher relative toxicity. In the crowded and highly organized environment of a living organism, the nonnative character of misfolded oligomers is particularly likely to trigger aberrant events resulting from their inappropriate interactions with cellular components, such as membranes, small metabolites, proteins, or other macromolecules. Such events will, in some situations, lead to the malfunctioning of crucial aspects of the cellular machinery, whether it is axonal transport, oxidative stress, ion balance, sequestration of essential proteins, or a combination of disparate factors, ultimately leading to apoptosis or other forms of cell death.
Although the natural defenses against misfolded proteins will act to sequester and neutralize such species, and/or inhibit their formation, it is inevitable that these mechanisms will sometimes be overwhelmed (98, 173) . Such situations include mutations that dramatically increase aggregation rates, as in familial diseases; ingestion of preformed aggregates that are able to seed more extensive aggregation, as in prion diseases; or the age-related decline of chaperone and ubiquitin/proteasome responses, as in sporadic forms of diseases. Oligomer-mediated cytotoxicity is a key issue in neuropathic protein deposition diseases, although the question arises as to whether a similar mechanism is central in the pathogenesis of nonneuropathic diseases. Systemic amyloidoses are often associated with accumulation of large quantities (even kilograms in some cases) of amyloid deposits in the affected tissues and organs (174) . Undoubtedly, the impairment and disruption of tissue architecture, caused by these deposits in vital organs, are major features of these diseases and could well be the most important factors in the pathogenesis of at least some of these nonneuropathic degenerative conditions (174) . Patients can have mechanical problems in carrying out even routine everyday tasks. Examples include difficulties in swallowing when amyloid accumulation occurs in the tongue and in moving because of extreme pain when amyloid accumulation occurs in joints. However, suggestions that early oligomeric species could have a more important role than fibril accumulation in the pathogenesis of nonneuropathic amyloidoses have been put forward (169, 174a) . The elucidation of the mechanism of tissue damage by amyloid fibril proteins is undoubtedly an important issue in therapeutic approaches, although the optimum strategy must be to prevent aggregation or even production of the amyloidogenic protein before it can generate any potential damaging deposits.
PERSPECTIVES
Despite the complexity of the protein aggregation process, the findings described above show that dramatic progress in its elucidation has been made in recent years. This progress relates particularly to our understanding of the nature and significance of amyloid formation and to how this process relates to the normal and aberrant behavior of living organisms. Increasingly sophisticated techniques are now being applied to elucidate the "amyloid phenomenon" in ever greater detail. Of special significance is the manner in which a wide variety of ideas from across the breadth of the biological, physical, and medical sciences is being brought together to probe important unifying principles. Much, of course, still remains to be discovered, but we are personally optimistic that the investigation of an increasing number of proteins both in vitro and in vivo will shed new light on the relationships between protein folding and misfolding as well as on the manner in which the multitude of different states accessible to proteins are regulated and interact with each other and with other cellular components. In addition, even our present understanding of the mechanism of amyloid formation is leading to more reliable methods of early diagnosis and to more rational therapeutic strategies that are either in clinical trials or approaching such trials (175, 176) . Thus, despite the rapidity with which diseases of the type discussed here are increasingly afflicting the human populations of the modern world, there are grounds for optimism that present progress in understanding their nature and origins will lead, in the not too distant future, to the beginnings of widely applicable and effective means to combat their spread and their debilitating consequences.
SUMMARY POINTS
1. A variety of human diseases is now thought to be associated with the formation of highly organized and generally intractable thread-like aggregates termed amyloid or amyloid-like fibrils.
2. Living organisms can take advantage of the inherent ability of proteins to form such structures to generate novel and diverse biological functions.
3. Dramatic advances have recently been made toward the elucidation of the structures of amyloid fibrils at a molecular level.
